The theoretical investigation of the electron and hole spectra in a quantum dot with a linearly graded composition within the effective mass approximation is presented. The particular example is β-HgS surrounded by CdS. β-HgS core of radius rC is surrounded by concentric spherical layers each of Hg1−xCdxS composition (x is function of r) and finally, form radius rS by CdS. The existence of these intermediate layers, as model of graded composition, influences rapidly electron and hole spectra.
Introduction
Physical properties of quantum dots and related compounds have become under intensive investigation for potentials to use in optoelectronics, high density memory, quantum dot lasers, biosensing and biolabeling.
Continuous advances have led to the development of various heterostructures. The choice of materials and their space arrangement is determined by the desired properties.
At the surface between two materials there is a drastic change in composition and in all parameters. Technologically it is not always possible to get such a step-like change in composition, and a graded composition space is often formed between two materials. In some cases this grade composition is designed to get the desired optical properties without size changing [1] [2] [3] [4] [5] .
Spherical nano-heterosystems HgS/CdS have been theoretically [6] [7] [8] [9] and experimentally [6, 10, 11, 12] intensively studied. In this paper we present calculation results for spherical quantum dot that consists of: a spherical core of β-HgS surrounded by N layers of Hg 1−x Cd x S compositions (x is proportional to the layer distance from the center) and finally by CdS. It is well known that CdS and HgS readily form solid solutions on their entire concentration range.
Our calculations were performed in the well-known and widely used effective mass approximation (EMA) [6] [7] [8] .
The parameters for the calculation in EMA are effective masses of materials in the structure and conduction and valence offsets between materials. We assumed that effective masses and conduction and valence offsets change proportionally to x, from the HgS values to the CdS values. * corresponding author; e-mail: dusanka@phy.bg.ac.yu
Model and results
A spherical heterosystem consisting of a β-HgS core with the radius r C covered by N Hg 1−x Cd x S layers embedded in CdS with the radius r S , is investigated. In this particular case N = 4. The i-th layer, i = 1, . . ., N , consists of Hg 1−x Cd x S, x = i/(N + 1) and is situated between radius r i−1 and radius r i :
Electrons and holes in such a system are characterized by their effective masses and potentials. Effective masses are
In this case m * e,h 0 are effective masses of HgS (m *
are effective masses of CdS (m * Table) . Potentials are
In this case V e,h0 are electron and hole potentials in HgS (V e 0 = V e HgS = −1.35 eV, V h 0 = V h HgS = −1.85 eV), and V e,h N +1 are electron and hole potentials in CdS Table. Considering that electron and hole spectra are mainly formed by size quantization, the stationary Schrödinger equation for a single particle, in this case, may be expressed as
For spherically symmetric potential V (r) the separation of radial and angular coordinates leads to
is the radial wave function, and Y lm (θ, ϕ) is a spherical harmonic. n is the principal quantum number, and l and m are the angular momentum quantum numbers.
For a spherical potential with stepwise constant values V 0 (in core), V q (q = 1, . . ., N ) and V N +1 in surrounding material, as defined in (3), the radial function R nl,q (r) in energy region
are the Bessel, Neumann and Hankel spherical functions. Solutions already satisfy conditions to be regular when r = 0 and to vanish sufficiently rapidly when r → ∞. The solution must satisfy boundary conditions
Equations (7) for each q, q = 0, . . ., N , lead to a system of 2N + 2 linear equations for the 2N + 2 unknown coefficients. It has nontrivial solutions only if its determinant
Once the eigenvalues E nl are determined from (8) , the linear equations can be solved yielding the coefficients to be a function of one of them. The last undetermined coefficient is determined by the normalization condition for R nl,q (r), ∞ 0 R 2 nl,q (r)r 2 dr = 1. As q goes from 0 to N and all solutions are determined, we can unify them to get the complete picture of eigensolutions E nl and corresponding wave functions R nl . These calculations were performed independently for electrons and holes (procedure is similar), giving the confinement energies E e nl and E h nl , and wave functions R e nl and R h nl . The calculations of the electron and hole spectra in the heterosystem under study were performed according to the described model with the common material parameters of the system, given in Table [6, 7] . We investigated the influence of width of grade region to transition energies for a QD of fixed dimension. We illustrate this influence through example: r S = 10a 0 = 5.851 nm (a 0 = a HgS ) and present electron and hole spectra in Fig. 1 , l = 0, 1, 2. ∆ = r S − r 0 is the width of the spherical shell of grade Hg 1−x Cd x S composition. r 0 = r S −∆ is the radius of the HgS core. ∆ = 0 is a case of the HgS sphere with the radius r 0 = r S , i.e. without gradient region, surrounded by CdS. This is a well known structure and a basic example of a closed QD.
Each ∆ value in Fig. 1 corresponds to nano--heterosystem of characteristic gradual composition in region between the HgS core and the surrounding CdS medium. Bigger ∆ corresponds to smaller gradient of composition within ∆.
The energies of the first solutions for electrons E From corresponding wave functions one can see that the electron and the hole are situated at almost the same position in QD. When ∆ increases both the electron and the hole move towards the center of the QD, to be in the core as much as possible.
For comparison, the results of our energy calculations for r S = 5a 0 = 2.9255 nm of basic transitions are E 10 (∆ = 0) = 1053 meV (for smaller r 0 = r S transition energy is higher) and E 10 (∆ → r s ) → 1875 meV. The energy of the basic transition is increased by ≈ 820 meV. Like in the first example, when ∆ increases both the electron and the hole move towards the center of the QD, but, as there is less space than in the first example, they are forced to situate in the ∆ region. In this case, in the gradual composition region the potential is less deep than in the core and particles tend to move into the core. In smaller QD, where space is more limited, change of transition energies is more drastic for the same ∆ values.
Discussion and conclusions
To illustrate the influence of inhomogeneity to characteristic energies we combined HgS and CdS and formed the spherical heterosystem HgS/Hg 1−x Cd x S/CdS. Various heterosystems formed by these materials were investigated in detail, but never in this composition.
In this particular case the existence of gradual composition region for a case of fixed QD dimension, r S , influences drastically basic E 10 transition energy.
